Introduction
============

Pancreatic neuroendocrine neoplasm (pNEN), the most aggressive neuroendocrine malignancy, has an increasing incidence, with 3.2 cases per 1,000,000 inhabitants currently being diagnosed annually in the United States ([@bib1], [@bib2], [@bib3], [@bib4]). Since prognosis varies widely between individual pNENs ([@bib5]), there is a critical need to better define the molecular features associated with prognosis in these tumors.

Recently, elevated pre-operative C-reactive protein (CRP) values have been shown to be prognostic for survival in patients with pNENs; patients with elevated pre-operative CRP levels had a significantly shorter overall survival ([@bib6]). However, the molecular mechanisms for this phenomenon remained unclear.

CRP is an acute-phase protein which is produced mainly in the liver and rarely in atherosclerotic lesions, kidney, neurons and alveolar macrophages ([@bib7], [@bib8], [@bib9]). CRP synthesis is triggered largely through secretion of interleukin 6 (IL-6) from macrophages and T-cells ([@bib10]). Any type of inflammatory process is able to activate IL-6, thus causing increased concentration of CRP in systemic circulation ([@bib11]). The function of CRP was initially considered to be related to its role in the innate immune system ([@bib12]). CRP activates the complement system, which is then able to enhance the ability of antibodies and phagocytic cells to clear microbes and damaged cells from the organism. CRP binds to certain Fc-receptors, such as CD16, CD32 and CD64, whose names are derived from their binding specificity to the antibody region Fc (Fragment crystallizable). Additionally, it acts as opsonin for various pathogens. Interaction of CRP with Fc-receptors, for example internalization in human aortic endothelial cells ([@bib13]), leads to the secretion of pro-inflammatory cytokines enhancing inflammatory response ([@bib14], [@bib15]).

Another protein that is involved in response to inflammatory products is STAT3 (signal transducer and activator of transcription 3). It is a crucial regulator of gene expression in response to pro-inflammatory cytokines (including IL-6) as it plays an important role in regulating growth, survival, differentiation and pathogen resistance ([@bib16], [@bib17]). Constitutive activation of STAT3 signaling pathway has been observed in a growing number of human cancers, such as breast cancer, multiple myeloma, head and neck tumors and both ovarian and prostate cancers ([@bib18], [@bib19], [@bib20], [@bib21]). Nothing is known about the role of STAT3 in pNEN. CRP and STAT3 may be part of the link between inflammation and cancer ([@bib22]). Tumor-associated inflammatory cues in the tumor microenvironment, such as macrophages or tumor-associated fibroblasts and pro-inflammatory cytokines (including TNF-alpha and IL-6), contribute to genomic instability and are important tumor progression-promoting signals ([@bib23], [@bib24]).

Chronic inflammation is able to stimulate endocrine cells leading to their hyperplasia and neoplastic transformation ([@bib25]) such as IL-1 was able to direct cancer cells into neuroendocrine differentiation. In other cancer entities, such as pancreatic ductal adenocarcinoma, squamous cell and adenocarcinoma of the esophagus, melanoma, soft tissue sarcoma and gastric cancer, circulating pro-inflammatory cytokines are also related to the pathogenesis and tumor progression ([@bib26], [@bib27], [@bib28], [@bib29], [@bib30]). Additionally, in all the above-mentioned entities, elevated pre-operative CRP levels were also reported to be significantly associated with poor prognosis ([@bib31], [@bib32], [@bib33], [@bib34], [@bib35]).

We, therefore, aimed to identify the mechanisms linking CRP and inflammation to poor prognosis in pancreatic neuroendocrine neoplasms.

Materials and methods
=====================

Clinical samples
----------------

For this study, snap-frozen tumor tissue (*n* = 14), paraffin-embedded tissue (*n* = 20) as well as serum (*n* = 76) from patients with pNEN were obtained from the Pancobank of the European Pancreas Center (EPZ/Department of Surgery, University Hospital Heidelberg; Ethical Approval Votes no. 301/2001 and 159/2002), a member of BMBH/Biomaterial Bank Heidelberg. A written informed consent was obtained from all patients after full explanation of the purpose and nature of all procedures used.

The histological examination of formalin-fixed, paraffin-embedded and H&E-stained pancreatic tissue sections was performed by an experienced pancreas pathologist (F B) and only tumor sections with more than 90% pNEN tissue were used.

Patients characteristics from which the clinical samples derived are summarized in [Table 1](#tbl1){ref-type="table"}. Table 1Characteristics of the pNEN study population.Parameter*n*Total samples^a^89 Serum76 Frozen tissue14 FFPE^b^20Age at surgery: median (min--max)57 (23--83)Sex Male52 Female37Tumor localization Head39 Body11 Tail29 Multifocal10ENETS stage I13 II22 III52 IV2Grading (WHO 2010) G134 G243 G312Resection R067 R116 R26[^2]

pNEN cell lines BON1 and QGP1
-----------------------------

The human metastasized adherent pNEN cell line BON1 was obtained from Dr M Kidd, Yale University School of Medicine, as a gift and has been authenticated by STRS analysis. BON1 cells were cultured as a monolayer in T-75 flasks (Corning) in RPMI 1640:Ham's F-12 medium in a 1:1 volume ratio (Invitrogen) supplemented with 10% fetal bovine serum (Life Technologies) and penicillin/streptomycin (100 IU/mL) at 37°C with 5% CO~2~ as previously described ([@bib36]).

The human adherent pNEN cell line QGP1 was purchased from the Japanese Cancer Research Resources Bank (JCRB), which is part of the National Institutes of Biomedical Innovation, Health and Nutrition and was cultivated as a monolayer in T-75 flasks in RPMI 1640 supplemented with 10% fetal bovine serum (Life Technologies) and penicillin/streptomycin (100 IU/mL) at 37°C with 5% CO~2~.

To investigate the role of CRP as well as inflammation in pNEN cell proliferation and metastasis, BON1 and QGP1 cells were treated with the pro-inflammatory cytokine IL-6 (recombinant human IL-6, 25 ng/ml, Cell Signaling) or recombinant human CRP (20 µg/mL) (R&D Systems) for 48 h.

Protein extraction and Western blot analysis
--------------------------------------------

Proteins from frozen pNEN tissue specimen (60--80 mg) pulverized in liquid nitrogen or from BON1 cells pellets were extracted using RIPA buffer containing complete protease inhibitors (Sigma-Aldrich) and supplemented with phosphatase inhibitor sets 1 and 2 (Sigma-Aldrich). Using an ultrasonic homogenizer (SonoPuls mini20 Bandelin^®^, Berlin, Germany), the suspensions were subjected to a 30-s sonication step on ice (ampl. 80%, 0.99 kJ) and subsequently centrifuged at 16,000 ***g*** for 10 min.

Supernatants were collected and divided into aliquots, and the total protein concentration was determined using a BCA Protein Determination Kit (Thermo Scientific) following the manufacturer's instructions.

Western blot was performed as previously described ([@bib37]) using the following monoclonal antibodies: anti-CRP, anti-IL-6, anti-total-STAT3 (all Abcam), anti-phospho-STAT3 (Tyr705), anti-total-ERK, anti-phospho-ERK (Thr202/Tyr204), anti-total-AKT and anti-phosho-AKT (Ser473) (all Cell Signaling). The secondary antibody used was goat anti-rabbit (R&D Systems). Quantification of protein expression was performed using ImageJ (EHD imaging, Damme, Germany).

Immunohistochemistry and immunocytochemistry
--------------------------------------------

The expression of CRP and IL-6 was assessed on paraffin-embedded primary tumor samples by immunohistochemistry and on BON1 cells by immunocytochemistry as previously described ([@bib38], [@bib39]). Briefly, tissue sections were de-paraffinized and rehydrated with a graded ethanol series, and heat-based antigen retrieval was carried out in citrate buffer. Both tissue sections and BON1 cells were blocked with Universal Blocking Reagent (BioGenex, Fremont, CA, USA) and incubated with anti-CRP antibody (Abcam) or anti-IL-6 antibody (Abcam) before being washed and developed using goat anti-rabbit secondary antibody (CRP, Dako) or goat anti-mouse secondary antibody (IL-6, Dako) and the DAB kit (Dako). After the tissue sections were counterstained with hematoxylin and washed with water, they were incubated in graded alcohol solutions and roticlear (Roche) and then mounted. Optical imaging and analysis was performed using Zeiss Axioplan2 Microscope (Zeiss) with Axio Vision and K5400 Zeiss software.

Ten different high-power fields (400×) were selected for each slide and integrated optical density was used as the measure of staining intensity. Negative controls were processed in the absence of primary antibodies.

ELISA and PETIA
---------------

The determination of CRP and IL-6 levels in cell extracts and culture supernatants was performed using human C-Reactive-Protein ELISA Kit (Abcam) and human interleukin-6 ELISA Kit (Abcam) according to the manufacturer's instructions.

CRP was additionally measured with PETIA (particle-enhanced turbidimetric immunoassay) using Dimension EXL (Siemens Healthineers) at the central clinical laboratory of the University Hospital of Heidelberg.

Multiplex cytokine analysis
---------------------------

A multiplex assay for quantitative determination of inflammatory mediators was applied to assess the concentrations of selected cytokines in serum. The analysis was performed using the Bio-Plex Pro Human Cytokine 17-Plex panel (Bio-Rad Laboratories GmbH). The following determinants were simultaneously detected: IL-1β, IL-2, IL-4, IL-5, IL6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, G-CSF, GM-CSF, IFN-γ, MCP-1, MIP-1β and TNF-α. Multiplexing was performed according to the manufacturer's instruction manual and analyzed on a Bio-Rad Bio-Plex 200 system. Values were calculated by the Bio-Plex^™^ software (Bio-Plex Manager, version 6.1, Bio-Rad). All serum samples were measured in triplicates.

Flow cytometry
--------------

BON1-cells were detached from the culture flasks by cell dissociation reagent (accutase, Thermo Fisher Scientific). 1 × 10^6^ cells in 200 µL were incubated with the primary FcgRs antibodies (FcgRI-APC, clone 10.1; FcgRII-FITC, clone 8.26; FcgRIII-PE, clone 3G8; and isotype control (BD Pharmingen)) at RT for 1 h. After washing with PBS, labeled cells were analyzed using flow cytometry technique with FACS-Canto II flow cytometer (Becton Dickinson) and Flow Jo software 8.8. Cells incubated with only secondary antibody were used as negative control.

Proliferation assays
--------------------

The proliferation capability of BON1 cells was firstly assessed by a MTS cell proliferation colorimetric assay kit (Biovision, Milpitas, CA, USA) according to the manufactures instructions. Briefly, BON1 cells (5 × 10^3^/well) were seeded in 96-well plate and incubated for 3 days with IL-6 (25 ng/mL, Cell Signaling) or CRP (20 µg/mL, R&D Systems). Twenty microliters of MTS reagent were added to each well. After 3 h of incubation, optical density was read at 490 nm and 650 nm using a SYNERGY/HTX multi-mode reader (BioTek Instruments).

Secondly, we used the BrdU Cell Proliferation ELISA Kit (Abcam), in order to assess the same mechanism, according to the manufactures instructions.

RNA extraction and quantitative reverse transcriptase PCR (qRT-PCR)
-------------------------------------------------------------------

Total mRNA extraction from cells as well as cDNA synthesis was performed using MPLC RNA IsoI. Kit (Roche) according to the manufacturer's instructions. For PCR, the following primer pairs were used:

1.  *BCL2* 5′-GGATGCCTTTGTGGAACTGT-3′, 5′-AGCCTGCAGCTTTGTTTCAT-3′;

2.  *MMP-9* 5′-TTCTGCCCCAGCGAGAGA-3′, 5′-GTGCAGGCGGAGTAGGATTG-3′

3.  *GAPDH* 5′-ATGTTCGTCATGGGTGTGAA-3′, 5′-GTCTTCTGGGTGGCAGTGAT-3′

Gene expression was quantified by qRT-PCR on a LightCycler 480 II using LightCycler^®^ 480 SYBR green I master reagent (Roche). The quantitative PCR was performed in a 20 µL reaction solution containing 6 µL nuclease-free water, 2 µL cDNA templates, 10 µL Master Mix and 1 µL each of forward and reverse primer. The amplification conditions were initial denaturation at 95°C for 15 min followed by 45 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 30 s and elongation at 72°C for 20 s. The experiment was performed in triplicates. A qualitative PCR was also performed in order to confirm the presence of single and appropriate bands for each primer set. PCR data were analyzed using the ΔΔCT method as previously described ([@bib40]).

Cell migration and invasion assays
----------------------------------

The migration and invasion potential of BON1 cells was assessed using a 24-well plate containing inserts with 12 µm pore size polycarbonate membranes (Merck Millipore) which was coated with a uniform layer of dried basement membrane matrix solution (1 mg/mL; Corning) on the upper surface of the inserts' membrane. The lower compartment was filled with RPMI 1640/Ham's-F12 medium containing 30% FBS. BON1 cell suspensions (3 × 10^5^ cells/well in 300 µL serum-free medium) were added to the inside of each insert. After 48 h of incubation, inserts were removed and cells were fixed and stained with 0.05% crystal violet. Cells on the upper surface of the insert membrane (invasive cells) were removed with a cotton swab. Membranes were cut out. Cells that were able to invade and migrate (taken from the bottom of the membrane and the bottom of the outer well) were counted with a Zeiss Axioskop 2 Microscope with nine individual fields per membrane ([Fig. 1B](#fig1){ref-type="fig"}).Figure 1Impact of CRP on BON1 cells. (A) IL-6 secretion of BON1 cells significantly increased upon CRP exposure (20 µg/mL, 48 h, ELISA, \**P* \< 0.01). (B) Migration/invasion assay model: BON1 cells seeded in the inserts pass through basement membrane and cling to the bottom of insert's membrane. Invasive cells are counted with nine individual fields per membrane. Blue dots = BON1 cells, clear circles = membrane pores. (C and D) Compared to normal non-treated BON1 cells, significantly more BON1 cells were capable of invading the gel and migrating through the membrane after CRP treatment (invasion assay, \**P* \< 0.0001). (E) Proliferation capability of BON1 cells was strongly enhanced in the presence of CRP as well as IL-6 in MTS assay (\**P* \< 0.001). (F) However, this effect cannot be seen in BrdU assay.

Inhibition of endocytosis and immunofluorescence staining
---------------------------------------------------------

In order to investigate CRP internalization, 5 × 10^5^ BON1 or QGP1 cells/mL were seeded in six-well plates on collagen-coated cover slides and cultured for 24 h. Both cell lines were treated with Dyngo 4a (Abcam), which inhibits clathrin-mediated endocytosis (IC50 Dyngo BON1 = 638, 1 nM, QGP-1 = 214, 1 nM). CRP was labeled with FITC using a KPL Surelink^™^ Fluorescein (FITC)-labeling Kit (SeraCare, Milford, MA, USA) following the manufacturer's instructions.

After 24-h incubation, cells were additionally treated with the prepared FITC-conjugated CRP (20 µg/mL) for 24 h, harvested and seeded on collagen-coated glass plates. Then, cells were fixed in ice cold acetone for 10 min. Cells were washed three times with PBS for 5 min. Afterward, the cells were permeabilized using 0.3% Triton (Sigma-Aldrich) for 20 min. Cells were blocked in blocking buffer (0.2% FCS, 2% BSA, 0.2% gelatin fish skin in 100 mL 1× PBS) for 45 min at RT. Subsequently, cells were incubated with DAPI (1:10,000) for 1 h. After another washing step, the cells were incubated for 30 min at RT with PBS or DAPI and visualized using fluorescent microscopy (Zeiss Axioplan2 Microscope with Axio Vision and K5400 Zeiss software, Zeiss).

Statistical analysis
--------------------

Statistical analyses were performed using Prism 5 (GraphPad Software). The Mann--Whitney test was used to determine the statistical difference between two groups. Comparisons between more than two groups were performed using the Kruskal--Wallis test, followed by the Dunn's *post hoc* test where appropriate. Statistical significance is indicated by an asterisk. A *P* value \<0.05 was considered statistically significant.

Results
=======

Impact of CRP on IL-6 secretion, invasion and proliferation of BON1 and QGP1 cells
----------------------------------------------------------------------------------

Given the fact that systemic elevated CRP is part of an inflammatory response and associated with poor prognosis in pNEN, we first examined the impact of the exposure of pNEN cells such as BON1 and QGP1 to CRP alone. Upon treatment with CRP (20 µg/mL for 48 h) IL-6 secretion by BON1 cells was significantly increased ([Fig. 1A](#fig1){ref-type="fig"}), while QGP1 cells did not secrete more IL-6 (data not shown).

Next, the functional significance of CRP with respect to essential malignant properties of cancer cells was examined. Invasion ([Fig. 1C](#fig1){ref-type="fig"} and [D](#fig1){ref-type="fig"}) as well as viability/proliferation measured by the MTS assay- ([Fig. 1E](#fig1){ref-type="fig"}) were both significantly increased upon exposure to CRP in comparison to unstimulated BON1 cells, while QGP1 cells did not show any differences (data not shown). Proliferation -- measured by BrdU-ELISA -- was not affected by CRP in BON1 ([Fig. 1F](#fig1){ref-type="fig"}) and QGP1 cells (data not shown).

Impact of pro-inflammatory IL-6 on CRP secretion, proliferation and invasion of BON1 and QGP1 cells
---------------------------------------------------------------------------------------------------

To investigate whether BON1 and QGP1 cells spontaneously express and secrete CRP under normal culture conditions, CRP concentrations were measured in cell supernatants using ELISA and the high-sensitive CRP test of the Heidelberg University Hospital Clinical Laboratory. Both assays revealed marginal amount of CRP in the supernatants of BON1 and QGP1 cells (control group [Fig. 2B](#fig2){ref-type="fig"} and [C](#fig2){ref-type="fig"}).Figure 2Impact of pro-inflammatory IL-6 on BON1 and QGP cells. (A) Immunocytochemical analysis of BON1 cells and ELISA analysis of (B) BON1 and (C) QGP1 cell supernatant shows CRP expression/secretion being significantly increased upon IL-6 treatment (25 ng/mL, 48 h, \**P* \< 0.01). (D and E) BON1 cells as well as (F) QGP1 cells were found to be more invasive after IL-6 exposure in comparison to control cells, (invasion assay, \**P* \< 0.001).

Since CRP synthesis of hepatocytes is triggered by inflammatory mediators such as IL-6, IL-1β and TNF-α ([@bib11]), BON1 and QGP1 cells were exposed to the pro-inflammatory cytokine IL-6. Three days after treatment with IL-6 (25 ng/mL), a strong intracellular CRP expression by BON1 cells was found ([Fig. 2A](#fig2){ref-type="fig"}). Concordantly, a two-fold increased CRP secretion of BON1 (OD) and a nine-fold increased CRP secretion of QGP1 (pg/mL) cells was measured ([Fig. 2B](#fig2){ref-type="fig"} and [C](#fig2){ref-type="fig"}).

We also sought to investigate the functional significance of IL-6 exposure with respect to invasion as key property of cancer cells, which was examined using a gel on top of a semi-permeable membrane with 12 µm pores. Invasion of cells after 48 h of IL-6 exposure was found to be increased seven-fold in BON1 and 1.5-fold QGP1 cells ([Fig. 2E](#fig2){ref-type="fig"} and [F](#fig2){ref-type="fig"}). A correlation between CRP secretion and cell invasion was not given since the high inflammatory effect of IL-6 exceeded the relative low CRP concentration in the supernatant (secretion). Another explanation for the lower invasiveness of QGP-1 cells may be the stronger QGP1-cell-cluster formation in the presence of IL-6.

Impact of IL-6 and CRP on signaling pathways in BON1 and QGP1 cells
-------------------------------------------------------------------

To examine the impact of pro-inflammatory IL-6 on signaling pathways in BON1 cells, we first determined STAT3 expression in IL-6-treated and PBS-treated BON1 cells as IL-6 treatment led to a robust STAT3 activation as reflected by increased phosphorylated STAT3 in IL-6-treated BON1 cells in comparison to control cells that did not show any STAT3 phosphorylation on the Western blot. The potential activation of the ERK and AKT pathways was also examined and a strong activation of AKT, but not of ERK, was found in these cells ([Fig. 3A](#fig3){ref-type="fig"}, [B](#fig3){ref-type="fig"} and [C](#fig3){ref-type="fig"}).Figure 3Impact of pro-inflammatory IL-6 and CRP on signaling pathways in BON1 cells. (A) Activation/phosphorylation of AKT and STAT3, not ERK upon IL-6 treatment (Western blot, BON1 triplicates, 25 ng/mL, 48 h). (B and C) Quantitative analysis (normalized protein expression) showing STAT3, p-STAT3 and p-AKT are significantly increased upon IL-6 treatment (\**P* \< 0.05). (D and E) mRNA expression of the STAT3 downstream genes *BCL-2* and *MMP-9* is significantly increased upon IL-6 treatment (qRT-PCR \**P* \< 0.05). (F, G and H) Exposure of CRP to BON1 cells leads to phosphorylation of ERK, not AKT/STAT3 (Western blot (normalized protein expression), BON1 triplicates, \**P* \< 0.001).

Whether the effects of IL-6 on STAT3 phosphorylation translated into active STAT3-mediated transcription was investigated as well. The expression of two STAT3-responsive genes, *BCL2* and *MMP-9*, was examined by qRT-PCR. Both genes were strongly upregulated in IL-6-treated BON1 cells ([Fig. 3D](#fig3){ref-type="fig"} and [E](#fig3){ref-type="fig"}).

CRP triggered phosphorylation of ERK (growth signaling pathway). STAT3 and AKT were not affected by CRP treatment ([Fig. 3F](#fig3){ref-type="fig"}, [G](#fig3){ref-type="fig"} and [H](#fig3){ref-type="fig"}).

In QGP1 cells, none of those effects on signaling pathways were seen (data not shown).

CRP receptors in BON1 and QGP1 cells
------------------------------------

Having shown that CRP itself was able to directly promote proliferation and invasion by phosphorylation of ERK in BON1 cells, we next examined the presence of putative CRP receptors on BON1 and QGP1 cells. It has been previously demonstrated that CRP was capable of binding to three receptors: FcgRI (CD64), FcgRII (CD32) and probably FcgRIII (CD16) on neutrophils ([@bib41], [@bib42], [@bib43]). Using FACS analysis, none of these FcgRs could be detected on BON1 cells ([Fig. 4A](#fig4){ref-type="fig"}).Figure 4CRP internalization in BON1 and QGP1 cells. (A) Flow cytometry analysis showed no expression of previously described CRP receptors such as FcgRI (CD64), FcgRII (CD32) and FcgRIII (CD16) on the surface of BON1 cells. Normal human peripheral blood mononuclear cells (PBMC) carrying these receptors were analyzed as control cells. (B) Using FITC-labeled CRP, this protein was found in the cytoplasm of BON1 and QGP1 cells (middle), thus suggesting internalization of CPR. Inhibition of clathrin-mediated endocytosis using Dyngo seemed to result in less CRP internalization not excluding endocytosis a possible mechanism.

Therefore, FITC-labeled CRP was used in immunofluorescence microscopy in order to visualize CRP on neuroendocrine tumor cells. Indeed, FITC-labeled CRP was detectable within BON1 and QGP1 cells ([Fig. 4B](#fig4){ref-type="fig"}, middle), thereby suggesting an internalization of CRP either through endocytosis or another yet unknown receptor.

In order to specify this mechanism of internalization, clathrin-mediated endocytosis was inhibited by treatment with Dyngo. Subsequently, FITC-labeled CRP was given. [Figure 4B](#fig4){ref-type="fig"} (right) shows that this treatment visually tended to result in less CRP internalization. Endocytosis as possible mechanism is therefore not excluded.

CRP and IL-6 expression in human pNEN are associated with STAT3, AKT and ERK pathway activation and systemic cytokine levels
----------------------------------------------------------------------------------------------------------------------------

Given the impact of CRP on proliferation and invasion of BON1 cells, we examined CRP expression and growth signaling pathways in human pNEN tissue. Both CRP and IL-6 expression were significantly higher in immunohistochemistry and Western blot analysis in pNEN of patients with pre-operative CRP serum concentration above 5 mg/L compared to pNEN of patients with pre-operative CRP serum concentration below 5 mg/L ([Fig. 5A](#fig5){ref-type="fig"}, [B](#fig5){ref-type="fig"} and [C](#fig5){ref-type="fig"}). Additionally, high serum CRP concentrations were associated with increased phosphorylation of STAT3, AKT and ERK, as well as strongly increased IL-6 levels in comparison to low CRP serum concentrations ([Fig. 5C](#fig5){ref-type="fig"} and [D](#fig5){ref-type="fig"}). The increase of serum CRP was also associated with increased systemic levels of IL-6 and G-CSF ([Fig. 5E](#fig5){ref-type="fig"}), thus indicating a complex inflammatory response accompanying CRP secretion. These results confirm the link observed *in vitro* between pNEN and systemic inflammation in the human disease.Figure 5Impact of CRP in pNENs. (A and B) Immunohistochemical and (C) Western blot analysis showing high CRP and IL-6 expression in tumor sections of patients with high pre-operative serum CRP concentrations (≥5 mg/L) in comparison to patients with low pre-operative serum CRP concentrations (\<5 mg/L). There were no correlations between grading (3 NET G1, 8 NET G2 and 3 G3) and CRP. (C and D) High pre-operative serum CRP concentrations (≥5 mg/L) lead to significant phosphorylation of STAT3, ERK and AKT, as well as strongly increased IL-6 expression in tumor tissue in comparison to low pre-operative serum CRP concentrations (Western blot, \**P* \< 0.05), thereby supporting CRP exposure to be relevant for neuroendocrine tumor cells with regards to proliferation and tumor biology. (E) Both IL-6 and G-CSF were significantly increased in serum from pNENs patients with high pre-operative serum CRP concentration (≥5 mg/L) (ELISA, \**P* \< 0.05). NML, normal pancreas tissue; pNEN-L, pNEN patients with low pre-operative serum CRP concentrations; pNEN-H: pNEN patients with high pre-operative serum CRP concentrations.

Discussion
==========

In this study, we showed that pancreatic neuroendocrine neoplasm cells (BON1 and QGP1) upregulate and secrete CRP when stimulated by inflammation (IL-6), Additionally, IL-6 is secreted by BON1 cells during exposure to CRP. Both CRP and IL-6 increased invasion of BON1 and QGP1 cells. Furthermore, the ERK, AKT and/or STAT3 signaling were delineated as critical effector pathways that are strongly associated with the essential malignant properties of cancer cells. Those *in vitro* observations were confirmed in human neuroendocrine disease. Increased CRP and IL-6 expression, as well as ERK/AKT/STAT3 phosphorylation in tissue of pNENs patients with elevated CRP serum levels, were identified.

Although the role of CRP in the innate immune response as opsonin is well established, its role in tumorigenesis and progression -- particularly in pancreatic neuroendocrine neoplasms -- is unknown. Although in breast cancer cell lines increased invasion was only observed in synergy with sphingosine-1-phosphate ([@bib44]), elevated CRP levels at the time of diagnosis of breast cancer were found to be significantly correlated with stage, size and grade of the tumor and metastasis ([@bib45]). Increased pre-operative serum CRP has also been demonstrated to enhance the metastasis of renal cell carcinoma ([@bib46]). Consistent with these studies, we demonstrated that elevated CRP increased the invasion capability of BON1 and QGP1 cells. Low CRP concentration (\<5 mg/L) was revealed to inhibit proliferation of vascular endothelium cells ([@bib47]); however, high CRP concentration (≥5 mg/L) increased proliferation of multiple myeloma cells and macrophages ([@bib48], [@bib49], [@bib50]). In this study, we show activation of growth signaling pathways in neuroendocrine tumor cells (BON1) and increased viability and proliferation using the MTS assay, while in the BrdU assay, high CRP concentrations were not shown to be pro-proliferative in the pNEN cell lines BON1 and QGP1.

It is remarkable that both pNEN cell lines BON1 and QGP1 reacted differently to the same stimuli as well as secreted CRP in different concentrations. The different behavior of pNEN cell lines may correspond to the biological heterogeneity ([@bib51], [@bib52], [@bib53]) that is well known from human pNENs ([@bib5]). Our study is limited by the small number of pNEN cell lines currently available for research. One important goal of future studies has to be the generation of new pNEN cell lines, especially from well-differentiated tumors. Another limitation of this study is that *in vitro* experiments were conducted with highly proliferative pNEN cell lines, whereas the patient cohort included a majority of G1/G2 pNENs ([Table 1](#tbl1){ref-type="table"}).

IL-6 has also been shown to stimulate the proliferation and metastasis of a diverse range of tumors ([@bib54], [@bib55]), in which signaling involves several distinct downstream intracellular signaling cascades, including the AKT/STAT3 pathway. This ultimately leads to transcriptional changes that have an impact on survival, proliferation, differentiation and migration ([@bib56]). We examined the IL-6-secretion of BON1 cells and determined the effects of IL-6 exposure on proliferation and migration/invasion. The response to IL-6 is most likely mediated by STAT3 activation, which has been associated with poor prognosis in renal cell carcinoma, for example ([@bib57]). In agreement with these findings, our data showed that the effects of IL-6 in augmenting both BON1 and QGP1 cells migration and proliferation are likely mediated via the AKT/STAT3 pathway.

Interaction of CRP with monocytes/macrophages was reported to induce the secretion of IL-1 and TNF as well as IL-1-induced IL-6 production ([@bib58], [@bib59]). Moreover, monocytes/macrophages were shown to synthesize CRP ([@bib8]) and IL-6 ([@bib59]), thus suggesting a positive feedback mechanism between CRP and IL-6 in monocytes/macrophages in the promotion of systemic inflammation. The present study indicates that CRP may play a role in pNEN tumor progression using an IL-6/AKT/STAT-3/CRP signaling as shown in [Fig. 6](#fig6){ref-type="fig"}. CRP either binds to an unknown receptor or becomes internalized by endocytosis, triggers IL-6 production and activates the IL-6/AKT/STAT3/CRP axis in BON1 and QGP1 cells. The mutual stimulation between CRP and IL-6 in those cells may represent a positive feedback mechanism which promotes tumor progression as well.Figure 6Schematic model of possible signal transduction stimulated by CRP in BON1 cells. In pNEN microenvironment, special immunological cells and hepatocytes are one source of CRP and/or IL-6. The other source of CRP and IL-6 is BON1 or QGP1 cells. The binding of IL-6 to its ligand-binding receptor initiates activation of AKT, which in turn phosphorylates and activates STAT3 transcription factors. Activated STAT3 binds to specific sites in the target gene promoters inducing transcription of *BCL-2* and *MMP-9*, thus resulting in proliferation and metastasis (invasion/migration) of pancreatic neuroendocrine tumor cells, as well as the expression and secretion of CRP. Secreted CRP may exert its effects by internalization either through an unknown receptor (?) or via endocytosis. It activates ERK as well as IL-6 secretion, thereby leading to proliferation and metastasis in pancreatic neuroendocrine tumor cells.

In conclusion, systemic CRP is used by pNEN tumor cells to induce IL-6 expression and, by itself, may activate the IL-6/AKT/STAT3/CRP axis which promotes invasion and metastasis of pNEN.
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